Abstract The use of natural compounds to preserve fruit quality and develop high value functional products deserves attention especially in the growing industry of processing and packaging ready-to-eat fresh-cut fruit. In this work, potential mechanisms underlying the effects of postharvest biofumigation with brassica meal-derived allyl-isothiocyanate on the physiological responses and quality of 'Hayward' kiwifruits were studied. Fruits were treated with 0.15 mg L -1 of allylisothiocyanate vapours for 5 h and then stored in controlled atmosphere (2% O 2 , 4.5% CO 2 ) at 0°C and 95% relative humidity, maintaining an ethylene concentration \0.02 lL L -1
Introduction
Kiwifruit is a fruit crop successfully adopted by international markets, with China, Italy and New Zealand being the top three producers worldwide (http://faostat3.fao.org/browse/ Q/QC/E). Despite the spread of new varieties developed from different species, the most popular cultivar is the green-fleshed 'Hayward' (Actinidia deliciosa), whose distinctive appearance and flavour are highly appreciated by consumers. The great economic interest in kiwifruit is linked to its high nutraceutical values, together with the long-term storage capability and consequent exportability. After harvest, fruits are usually stored at 0°C under controlled atmosphere (CA), where the removal of ethylene increases the storage time up to 4 months, preserving both fruit quality and flavour (Latocha et al. 2014) . Kiwifruits are an excellent source of minerals (e.g. potassium), dietary fibres, and bioactive compounds, such as vitamins E and C (L-ascorbic acid, AsA), flavonoids, anthocyanins, and carotenoids (Drummond 2013) . A. deliciosa, in particular, is rich in AsA and polyphenols that contribute to the total antioxidant capacity and to the capability of limiting oxidative stress due to reactive oxygen species (ROS). These properties make kiwifruit a 'functional food' with preventive effects against certain types of cancers, vascular diseases and gastro-intestinal disorders (Padmanabhan and Paliyath 2016) . In plants, ROS are involved in fruit senescence, as excessive production causes lipid peroxidation and membrane damage, but they are also response factors for the activation of defence mechanisms after abiotic and biotic stress. Whether they act as toxic or signalling factors in response to environmental changes depends on the balance between their production and scavenging, and a complex network of mechanisms is involved in ROS homeostasis. L-ascorbic acid and glutathione are the main key players involved in this process, the first as direct antioxidant or as cofactor of enzymes participating in the biosynthesis of secondary metabolites and plant hormones, the second with a primary role in xenobiotic detoxification, redox balance, plant development and defence (Foyer and Noctor 2011) . Together with those non-enzymatic antioxidant compounds, enzymes as catalases (CAT), superoxide dismutases (SOD) and peroxidases (POD) are also involved in ROS scavenging and play an important role in fruit physiological changes during ripening and stress response (Xia et al. 2016) . Besides, even though kiwifruits contain low levels of proteins, two of the most abundant soluble proteins (actinidin, that is a cysteine proteinase and a thaumatin-like protein, PR5) can affect fruit quality and have beneficial effects on humans. In particular, actinidin contributes to the digestive process, while PR5 is known as a sweetener and flavour modifier, inducible by various agents from ethylene to pathogens. Nonetheless, several pre-and postharvest factors, such as the physiological state of the fruit at harvest, genotype, cultivation techniques, storage period and temperature management, can greatly affect both qualitative and nutritional aspects of kiwifruits (Tavarini et al. 2008; Oz 2010) . Among postharvest techniques, the use of natural preservatives, as plant secondary metabolites, could represent a valid option, within an integrated management, for the shelf-life extension of products. Allyl-isothiocyanate (AITC) is the hydrolysis product of the 2-propenyl glucosinolate (sinigrin), a secondary metabolite of the myrosinase-glucosinolate (MYR-GLs) system typically present in plants of the Brassicaceae family. The AITC is largely known for its biocidal activity against several plant pests and pathogens (Matthiessen and Kirkegaard 2006; Lazzeri et al. 2011) and it is a volatile molecule 'generally recognized as safe' (GRAS) by the Food and Drug Administration (FDA) in the United States since 2006. Allyl-isothiocyanate derived from plant sources is authorized as a natural food preservative in Japan, and the European Food Safety Authority (EFSA, Parma, Italy) has evaluated its safety as a food additive (EFSA 2010) . Recently, several studies have been directed towards the use of AITC incorporated in antimicrobial food packaging systems (Hendrix et al. 2012) . The use of AITC vapours to control postharvest fungal diseases has been successfully applied on different fruit species (Mari et al. 2008; Ugolini et al. 2014; Chen et al. 2015) , but the effect of the molecule on plant and the cellular and molecular mechanisms of action have been little investigated until now. AITC is a highly reactive molecule binding thiols, such as cysteine or glutathione, thus modifying protein structure and function. Khokon et al. (2011) observed that AITC induced stomata closure in Arabidopsis thaliana via production of ROS and nitric oxide, probably with the function of preventing water loss and enhancing plant defence against microorganisms. At higher doses it also caused oxidative stress and ROS production in Arabidopsis seedlings, while expression of glutathione S-transferase (GST)-encoding genes and reversible GSH depletion were observed at low doses, as a potential detoxifying mechanism (Øverby et al. 2015) . Besides, some works speculate on the AITC function as ethylene analogue or inhibitor based on their structural similarity, but this action has not been fully investigated yet (Nagata 1996) . At present, from the standpoint of fruit crops, postharvest AITC biofumigation has been successfully applied to contrast fungal decay in different kinds of berries (e.g. raspberries, strawberries, blackberries, blueberries), apparently due to its direct effect on fungi and pro-oxidant activities. Wang et al. (2010) suggested that the observed increased ROS production in blueberries could be a possible defence mechanism induced in AITC-treated fruits. Nevertheless, the treatment was reported to have a detrimental effect on the antioxidant phytochemical content of these fruits even though a global fruit quality improvement was observed (Chen et al. 2015; Chanjirakul et al. 2006) . To the best of our knowledge, there is no literature data about the effect of AITC on the nutraceutical characteristics of kiwifruit. This work was therefore focused on the evaluation of the effects of an AITC treatment on kiwifruit physicochemical parameters, antioxidant enzymes, glutathione content, and expression of genes involved in ripening, stress response and secondary metabolism, in order to assess the potential application of the treatment to improve fruit quality and nutraceutical properties.
Materials and methods

Plant material
Kiwifruits (Actinidia deliciosa, cv. 'Hayward') were harvested at commercial maturity stage from an orchard located in the production district of Emilia Romagna Region (Italy) and managed according to the Italian integrated production guidelines. Fruits homogenous in maturity stage and size were carefully selected, excluding those with physical injury, diseases, or incidence of pests.
Isothiocyanate
Allyl-isothiocyanate was produced in situ from the endogenous GL (sinigrin)-MYR system of Brassica nigra defatted seed meal (DSM), provided by Agrium Italia SpA (Livorno, Italy) and opportunely formulated (Lazzeri et al. 2010) . DSM used for the trials had defined characteristics as 5.1% moisture content, 7.9% residual oil and sinigrin content of 153 lmol g -1 (on dry matter, DM) determined with standard procedures (Franco et al. 2016) .
AITC treatment
Selected kiwifruits were distributed in 3 trays (26 fruits each), placed in a 0.1 m 3 airtight cabinet and treated by AITC vapours produced by the DSM plus water added in an external reactor as described in Mari et al. (2008) . Allylisothiocyanate concentration was maintained at 0.15 mg L -1 for 5 h. The atmosphere in the cabinet was monitored by an Agilent 7820AC GC system equipped with an Agilent HP-5 column (30 m length, 0.32 mm inner diameter, 0.25 lm film thickness) and FID detector (Agilent Technologies, Santa Clara, USA). Injector and detector temperatures were set at 200 and 300°C respectively; the oven program started at 60°C and raised to 120°C at a rate of 10°C min -1 ; the carrier gas (He) flow rate was 1 mL min -1 and the splitless injection mode was selected. The AITC amount was determined on the basis of a previously defined calibration curve using a pure AITC standard (Sigma-Aldrich, Saint Louis, USA). Treated fruits and non-treated control fruits were stored at 12-15°C overnight and then for 120 days in CA (2% O 2 , 4.5% CO 2 ) at 0°C and 95% relative humidity, maintaining ethylene concentration \0.02 lL L -1 by scrubbing the gas with KMnO 4 . Six to ten fruits were randomly sampled per each time point: (1) at harvest, (2) at the end of the treatment (d0), (3) one day after the treatment (d1) and (4) at the end of the storage (d120). All analyses were performed on three pools of fruits.
Kiwifruit quality traits
Quality trait evaluation was performed on fruits at harvest at d120. Kiwifruits were weighed and peeled, and the homogenised samples were analysed for:
Soluble solid content (SSC), determined by a digital refractometer (Refracto 30 PX, Mettler Toledo, Milan, Italy), (expressed as°Brix);
Total titratable acidity (TA), measured by titration of kiwi juice acids with 0.1 N sodium hydroxide (expressed as meq L -1 ); pH value, measured using a digital pH-meter (785 DMP, Methrom, Milan, Italy).
Firmness was measured on fresh fruit by a penetrometer (Fruit Pressure Tester FT011, TR snc, Forlì, Italy), using a 10 mm tip (expressed as Newton, 1 N = 9.8 kg) and moisture content (unbound water) was evaluated by weight loss after drying fresh samples at 105°± 1°C, until a constant weight was reached (expressed as %dry matter, DM).
Extraction and analysis of phytochemical content and antiradical capacity of kiwifruits
A mixed sample of fresh fruits at harvest and at d120 were peeled, cut into small pieces, freeze-dried and stored at -80°C until analysis. Freeze-dried samples (0.5 g) were extracted with 10 mL of a solution of methanol: water (80:20 v/v) acidified with 0.1% HCl (v/v) to determine fruit phytochemical content and antiradical capacity (AC). The extraction was carried under magnetic stirring (300 rpm), for 30 min, at room temperature in the dark. The mixture was then submitted to an ultrasound-assisted extraction for another 30 min (40 kHz, 10°C) and centrifuged at 6792g, for 15 min at 4°C. After a second extraction, supernatants were collected together and immediately analysed.
Total polyphenol content (TPC) and flavan-3-ol content (FLC) of extracts were determined according to Carbone and Mencarelli (2015) . Data were expressed as mg of gallic acid equivalents (GAE) and mg catechin equivalents (CAE) per g on DM for TPC and FLC, respectively.
L-ascorbic acid content (AsAC) of kiwifruits was determined by Differential Pulse Voltammetry (DPV) and Cyclic Voltammetry (CV). Briefly, the DPV measurements were performed using a computer-controlled system, AUTO-LAB model PGSTAT 12 with GPES software (ECO-CHEMIE, the Netherlands). Voltammetric measurements employed a screen-printed electrode produced in house, which consisted of a three electrode configuration with graphite working and counter electrodes and a silver pseudo-reference electrode printed onto a plastic support film. All measurements were carried out in 0.1 M KCl aqueous solutions at room temperature. The DPV and CV were performed according to Cavalieri et al. (2013) using 60 lL of AsA standard solutions and extracted fruit samples in order to observe the electrochemical behaviour of each analyte and the matrix effect. The quantitative determination of AsA in kiwifruits was extrapolated using the calibration curves obtained with increasing amounts (0-125 9 10 -6 M) of AsA (standard solutions) in 0.1 M KCl using DPV.
Antiradical capacity (AC) was assessed measuring the ability of the extracts to scavenge synthetic radicals [i.e. 2,2-diphenyl-1-picryl-hydrazyl-hydrate, DPPHÁ and 2,2 0 -azinobis-(3-ethylbenzothiazoline-6-sulfonic acid), ABTSÁ ?
]. Both DPPHÁ and ABTSÁ ? quenching capacities were estimated spectrophotometrically according to Carbone and Mencarelli (2015) , and expressed in terms of EC 50 .
Antioxidant enzyme activity assays
Fruit pericarps, collected at d0 and d1, were cut, frozen, grinded in liquid nitrogen by a Waring Commercial laboratory blender (Waring products division Torrington, CT, USA) and stored at -80°C. Enzyme extraction and analysis were performed according to Yang et al. (2013) , unless otherwise stated. Samples were homogenised with 0.5 M potassium phosphate (pH 7.0), 1 mM ethylene diamine tetraacetic acid (EDTA), 50 g L -1 polyvinylpolypyrrolidone and 10 mL L -1
Triton X-100. After centrifugation (31.500g, 20 min, 4°C), the supernatant was used for enzyme spectrophotometric assays carried out in a Varian Cary 300 Bio Uv/Vis spectrophotometer (Agilent Technologies). Catalase (CAT) activity was determined by monitoring the decrease of absorbance at 240 nm of the reaction mixture containing 50 mM phosphate buffer (pH 7), 10 mM of H 2 O 2 and the kiwifruit extract. Guaiacol peroxidase (POD) activity was determined by monitoring the increase in absorbance at 470 nm of the mixture composed by 50 mM potassium phosphate (pH 7), 20 mM guaiacol (Sigma-Aldrich), 10 mM H 2 O 2 , and kiwifruit extract. One unit (U) of CAT or POD activity was defined as the amount of enzyme causing a change in absorbance of 0.01 min -1 . Superoxide dismutase (SOD) activity was determined by using an Infinite M200 PRO microplate reader (Tecan Austria GmbH). The reaction mixture containing 50 mM potassium phosphate (pH 7.8), 13 mM methionine, 75 lM nitrobluetetrazolium (NBT), 2 lM riboflavin (SigmaAldrich), 0.1 mM EDTA and enzyme extract was exposed 10 min to light from a fluorescent lamp (Sylvania F15T8-CW Cool White fluorescent lamp). The absorbance was c Fig. 1 Relative transcript abundance by RT-qPCR of genes belonging to different metabolisms in kiwifruits treated with AITC at the end of the treatment (d0) and 24 h afterwards (d1). a Ethylene synthesis and perception. SAM, S-adenosylmethionine synthase; ACO1, ACC oxidase 1; ETR2, ethylene receptor; b cell wall and starch degradation. PG, polygalacturonase; BAM, beta-amylase; c phenyl propanoid pathway and phenol oxidation. PAL, phenylalanine ammonia-lyase; CHS3, chalcone synthase; PPO, polyphenol oxidase; d ascorbate/ glutathione biosynthesis and metabolism. GPP, L-galactose-1-phosphate phosphatase; GalDH, L-galactose dehydrogenase; MDHAR, monodehydroascorbate reductase; GST, tau class glutathione transferase 5; e others. Act d1, actinidin; PR5, thaumatin-like protein.
Each bar represents the ratio between expression in AITC treated fruits and their untreated control at the specified time point. The results were normalized to multiple reference genes and expressed as 2 Relative expression (2^-ddCt) e read at 560 nm and subtracted from blank samples with and without kiwifruit extracts, illuminated or not. One U of SOD was defined as the amount of enzyme that inhibits the photoreduction of NBT by 50% under the assay conditions. Specific enzyme activities were expressed as U g -1 protein. Extract protein concentration was determined using the Bio-Rad dye reagent (Bio-Rad, Munchen, Germany).
Glutathione content determination of kiwifruit
Frozen ground pericarp samples collected from fruit at d0 and d1 were extracted with cold 5% 5-sulfosalicylic acid (SSA), 1:10 w/v, at 4°C by using a TissueLyser (Retsch GmbH, Haan, Germany), and subsequently centrifuged at 31,500 g for 15 min at 4°C. Total glutathione (reduced ? oxidized glutathione, GSH ? GSSG) spectrophotometric analysis was performed by using the GSH assay kit (Sigma-Aldrich), with GSH reductase, 5,5 0 -dithiobis(2-nitrobenzoic acid (DTNB) and NADPH, according to the provided protocol on a Infinite M200 PRO microplate reader. GSSG was determined by the same method in the presence of GSH masking agent 1-methyl-2-vinylpyridinium triflate (M2PV) (Shaik and Mehvar 2006) . Results are expressed as nmol g -1 FW. GSH was estimated as the difference between total and oxidized form and GSH redox state calculated as the percentage of GSH over total: GSH/(GSH ? GSSG) 9 100.
Gene expression analysis: RT-qPCR
Total RNA was isolated from 200 to 300 mg of frozen kiwifruit outer pericarp collected at d0 and d1, following the protocol by Chang et al. (1993) , scaled down in order to work in 2 mL tubes. RNA was then cleaned up using MinElute column and on column DNAse I treatment (Qiagen), according to manufacturer's instructions. RNA quantity and quality were evaluated with the Infinite 200-PRO NanoQuant system (Tecan, Männedorf, Switzerland) and on 1% agarose gel, respectively. cDNA synthesis was performed starting from 500 ng of RNA in 10 lL reactions, using High-Capacity RNA-to-cDNA Kit (Life Technologies). Gene-specific primers (Table 1) were chosen from literature or designed using Primer3 software (http://biotools.umassmed.edu/bioapps/primer3_ www.cgi) from EST sequences available at NCBI or gene predictions available at the Kiwifruit Genome database (http://bioinfo.bti.cornell.edu/cgi-bin/kiwi/home.cgi, Huang et al. 2013) . qPCR was performed using the Rotor-Gene 6000 Instrument (Corbett Life Science) and Sybr Select Master Mix (Life Technologies) with 100 nM specific primer pairs and 2 lL of 1:10 diluted cDNA, in 15 lL total volume. After an initial denaturation at 95°C for 2 min, 45 amplification cycles were performed (95°C for 15 s, 60°C for 60 s), followed by melting curve analysis. Each analysis was repeated twice. UBQ, UBC9, and TubA were used as reference genes. Calculations were made according to the 2 -DDCt method using REST software (Pfaffl et al. 2002) .
AITC residue analysis in kiwifruits
AITC quantification was performed on kiwifruits at d120. Fruits were peeled and 0.5-1 g of the epicarp (2-3 mm thick) or 5 g of the outer pericarp were separately cut into small pieces and analysed by solid phase microextraction (SPME) coupled with GC-FID technique as in Ugolini et al. (2014) . GC analysis was carried out on a Varian GL-3800 equipped with an Agilent HP-5 column (30 m, 0.25 mm, 0.25 lm), an automatic auto-sampler CombiPAL (CTC Analytics) and FID detector. The analytical conditions were: injector and detector temperature were maintained at 260 and 280°C respectively; flow of the carrier gas (nitrogen) was set at 1 mL min -1 ; column oven temperature followed a gradient from 60 to 90°C, with a rate of 5°C min -1 and from 90 to 200°C with a rate of 40°C min -1 . The splitless mode was used for injection. Blank samples of untreated fruit were analysed following the same protocol. A calibration curve with blank sample of the non-treated epicarp and the outer pericarp spiked with AITC hexane dilutions was constructed and the limit of quantification and detection (LOQ and LOD) were determined. Measurements were replicated 5 times for treated fruit and calibration samples.
Statistical analysis
Described analysis were carried out in triplicate and statistical analysis of data expressed as mean ± standard error was performed with the SPSS 17.0 software (SPSS, Inc., Chicago, Illinois), unless differently specified. Data were then subjected to a one-way analysis of variance (ANOVA) employing Tukey's HSD test to assess significant differences between samples analysed (P \ 0.05). Finally, Pearson's correlation coefficient (r) was used to determine variable correlations (P \ 0.01).
Results and discussion
Effect of AITC on kiwifruit quality traits, phytochemical content and antiradical capacity
The mean values of the physico-chemical attributes of kiwifruit at the end of storage are shown in Table 2 . All fruits were at a adequately ripe stage for consumption (SSC C 12.5°Brix) (Beirão-da-Costa et al. 2008), with no (2010) decay. Postharvest AITC treatment did not significantly influence the overall quality of kiwifruit except SSC, which decreased in the treated samples as compared to the control after cold storage (P \ 0.05). These findings agree with those reported in the literature on the ability of AITC in maintaining the postharvest fruit quality (Wang 2003) . Kiwifruits are generally recognised as a valuable source of vitamin C. However, this is a readily degradable compound, so it is of great importance to know how postharvest technologies could affect its content and possibly identify the treatments that reduce AsA losses in ripe fruit. In this study, kiwifruit AsAC was markedly affected by AITC treatment (Table 2 ). In fact, AsAC strongly decreased with storage (-55% in control fruits) as already observed by Oz (2010) , while AITC application significantly reduced AsAC losses, keeping the level similar to those of samples at harvest time (152 ± 6 lg g -1 DM). Kiwifruits are also known for the presence of other valuable compounds as polyphenols (Du et al. 2009 ). In this study, storage markedly affected the total polyphenol content (TPC) of analysed samples. The highest TPC was found in AITC treated kiwifruits, which was 24% higher compared to that at harvest time (2.810 ± 0.007 mg GAE g -1 DM; P \ 0.05) and also significantly higher than control samples (?13%). FLC was also increased by AITC treatment, which produced a significant accumulation of flavans compared to the control samples (*?8%). In this work the antioxidant potential of kiwifruits was also evaluated by means of two different in vitro assays: the DPPHÁ and ABTSÁ ? scavenging methods. The results are expressed as the quantity of antioxidant necessary to reduce the initial radical concentration by 50%, which is the value generally defined as EC 50 (Table 2) : the higher the antiradical capacity, the lower this value is. In both assays, AITC treated samples showed the highest AC, which was 1.6-fold higher than that at harvest (EC 50 = 15.75 ± 0.08 mg on DM; EC 50 = 1.39 ± 0.03 mg on DM, for DPPHÁ and ABTSÁ ? scavenging, respectively). Parametric correlation analysis pointed out a very good negative correlation between TPC and AC (r = -0.96 and -0.89, for DPPHÁ and ABTSÁ ? , respectively) significant at 0.01 level (2-tailed). AC also showed a good negative correlation with AsAC, which was higher in the case of ABTSÁ ? radical scavenging (r = -0.59 and -0.75, for DPPHÁ and ABTSÁ ? , respectively; P \ 0.01, 2-tailed). These findings are in agreement with those reported in literature (Du et al. 2009 ), highlighting the contribution of vitamin C and polyphenols to the antioxidant potential of kiwifruits. The results show for the first time the AITC effect of prevention of AsAC and TPC loss on kiwifruit during postharvest storage in AC. The exact mechanism of action of the molecule is not known and to have some indication on the possible metabolic pathways and enzymes to be involved, investigations by biochemical and gene expression analysis were performed as described below.
Effect of AITC on antioxidant enzyme activity and glutathione kiwifruit content
The short-and long-term effect of AITC on the activity of antioxidant enzymes in kiwifruit was investigated. The results (Table 3 ) highlighted a significant increase of SOD activity in treated kiwifruits compared to untreated ones, determined immediately after the treatment (d0). The basal level of activity was quickly restored at 24 h (d1) and no differences were detected at the end of storage (d120). Regarding CAT and POD activities, these were similar to those found by other authors for kiwifruits stored 120 days in cold storage (Yang et al. 2013 ), but no significant differences were noted between AITC-treated and control kiwifruits as between fruits before and after storage. SOD is the first line of defence against ROS toxicity and is a strong free radical scavenging enzyme that first neutralize the superoxide radical into the less toxic hydrogen peroxide which can be further converted into water by CAT and POD enzymes (Xia et al. 2016) . It can be speculated that SOD increased activity might play a protective role against an initial burst-like effect of AITC treatment. This hypothesis was further validated by reduced and oxidized glutathione quantitative determination. Soon after AITC application (d0) reduced glutathione (GSH) content was significantly lower (-16%) in treated compared to control samples, while oxidized glutathione (GSSG) content was higher in AITC treated samples, even if not significantly. After 24 h (d1), GSH and GSSG levels increased and decreased respectively in both treated and control, and the redox state of the two pools was comparable. Therefore, AITC treated samples showed a more oxidized cellular redox state than control immediately after treatment, suggesting an initial but reversible oxidative stress caused by AITC. The glutathione reversible depletion effect and consequent ROS accumulation has already been observed in AITC treated Arabidopsis thaliana seedlings, possibly indicating a role of the glutathione in the detoxification/control of ITCs in plant tissue in accordance with findings in mammalian cells (Øverby et al. 2015) . Total glutathione level was also rapidly recovered after a few hours in Arabidopsis. Lower GSH content after AITC postharvest treatment has also previously been observed in blueberries and raspberries (Chen et al. 2015; Chanjirakul et al. 2006) . GSH/GSSG is the major cellular redox buffer along with ascorbate/dehydroascorbate and changes in these ratios can reflect cellular toxicity but have also been associated with important redox signalling and regulation of gene expression related to stress defence. The AITC effect on the redox state could be correlated with the induction of protective and antioxidant non-enzymatic systems and could be responsible for the increased AsA, polyphenol and flavan content in AITC treated fruit (Table 2) , even though this hypothesis needs further investigation.
Gene expression analyses
The expression level of 14 genes involved in different metabolisms related to fruit ripening and stress responses (as detailed in Table 1 ) was analysed in response to AITC application, immediately after treatment (d0) and one day later (d1). Results are shown in Fig. 1 . According to our qualitative results on kiwifruit, which indicated a reduced loss of AsAC after AITC treatment during postharvest storage (Table 2) , it was decided to investigate two genes involved in AsA biosynthesis through the main L-galactose pathway (L-galactose-1-phosphate phosphatase GPP and L-galactose dehydrogenase GalDH) and one (monodehydroascorbate reductase MDHAR) involved in AsA recycling. The increased expression levels of GPP and GalDH suggest that AITC might compensate for AsA degradation through de novo biosynthesis. MDHAR, instead, was not affected at all by AITC. The transcriptional behaviour of a tau class glutathione transferase-encoding gene (GST) was also assessed in this work as it is linked to AsA through the glutathione-ascorbate cycle. GST enzymes have functions in detoxification as they catalyse the conjugation between GSH and electrophilic xenobiotics and their activity is often up-regulated in response to various types of stress. Øverby et al. (2015) in A. thaliana demonstrated that AITC is not only involved in a reversible depletion in GSH-pool, as mentioned above, but also in the elevated expression of GST-encoding genes. In agreement with this report, GST gene was up-regulated upon AITC treatment. The different GSH redox state observed early in treated fruit (Table 3) could be part of the signalling transduction induced by AITC that influenced the expression levels of these genes.
In kiwifruits, contrary to tomato and many other climacteric fruits, most physiological changes associated to ripening occur before autocatalytic ethylene production is detectable and ethylene production is associated more to fruit softening and senescence than ripening. In this work, three genes potentially involved in ethylene production and perception (S-adenosylmethionine synthase SAM, 1-aminocyclopropane-1-carboxylate oxidase 1 ACO1 and ethylene receptor 2 ETR2) were found either slightly increased or significantly up-regulated in response to AITC, suggesting the activation of ethylene synthesis and perception. SAM synthase genes and enzymes and ethylene receptors have previously been shown to be ethylene-responsive in kiwifruit , therefore AITC could initiate an autocatalytic process of ethylene biosynthesis and response that would normally occur later. It is known that the expression of beta-amylase (BAM) is positively linked to this process and associated to starch degradation and soluble sugar accumulation. Consistently, in our system BAM and polygalacturonase PG, which is involved in cell wall degradation, were induced one day after treatment, suggesting that cell wall remodelling and soluble sugar accumulation, naturally occurring in kiwifruit during late stages of fruit ripening, would be anticipated by AITC treatment. However, this did not affect final fruit firmness (Table 2) , probably because this process was stopped by subtracting ethylene during CA storage. Phenolic secondary metabolites affect plant-derived food quality characteristics such as appearance, flavour and other health-promoting properties. Their content in foods is affected by many factors that influence phenolic stability, biosynthesis and degradation. In terms of biosynthesis, the key enzyme phenylalanine ammonia-lyase (PAL) is especially relevant, as it can be induced by different stress conditions and ethylene itself can induce both the gene expression and the enzyme activity of PAL (Singh et al. 2010) . In this work, a 49 induction of PAL expression level was observed, probably responsible for the significantly higher TPC value in kiwifruit at the end of storage (Table 2 ), even though the tested chalcone synthase gene (CHS3), a downstream gene in the flavonoid biosynthetic pathway, was not affected by the treatment. Moreover, a polyphenol oxidase (PPO), encoding one of the main enzymes responsible for fruit quality loss due to phenolic degradation, was down-regulated.
Finally, the expression level of two-gene coding for the most abundant proteins in kiwifruit was also investigated, actinidin (Act d1) and a thaumatin-like protein (PR5). Both genes were sensitive to AITC, though with divergent trends of modulation. Interestingly, Act d1 was three times more expressed in AITC treated samples than in control ones. This could lead to an increased concentration in actinidin, which generally decreases during fruit ripening, contributing to further enhancement of nutritional values and shelf-life of the fruit. The opposite was found for PR5, although further studies are required to understand if this could impact on fruit quality.
AITC residues in treated kiwifruit
After a 4-month storage period of kiwifruits, the concentration of AITC residues in the epicarp was below the LOQ of 0.26 mg kg -1 , corresponding to about to 0.075 mg kg -1 of the whole fruit, and no detectable residues were found in the outer pericarp (LOD = 0.0096 mg kg -1
, corresponding to about 0.0024 mg kg -1 of the whole fruit). According to EFSA, the acceptable daily intake (ADI) for AITC used as food additive is 0.02 mg/kg bw/day (EFSA 2010), so in our case the residues are largely below this limit, even in the case of presumable use of freeze-dried kiwifruit pulp extracts.
Conclusion
A 5-h treatment with 0.15 mg L -1 AITC in combination with CA can preserve 'Hayward' kiwifruit quality and enhance the nutraceutical properties in terms of increased antiradical capacity and phytochemical content, without leaving any detectable AITC residues on fruit. GSH cycle involvement in AITC mechanism of action/detoxification was confirmed in kiwifruit and AITC influence on AsAC and ethylene synthesis and PAL was depicted at gene expression level. These findings open new perspectives in the use of this natural compound to enhance phytochemical content and antioxidant properties of fresh and, potentially, minimally processed fruits.
